The satisfactory performance of polycrystalline engineering materials depends critically on processes occurring at the grain boundaries. It is well known that the mechanical behavior of materials is affected significantly by processes occurring at the boundaries, especially at temperatures greater than ~0 . 4 T,,where Tm is the absolute melting temperature. Furthermore, it is known also that failure processes are normally initiated through grain boundary cavitation or other incipient fracture phenomena associated with the grain boundaries, thereby limiting the useful life of structural components. It is desirable, therefore, to obtain a basic understanding of the grain boundary processes operating in pure metals and engineering alloys.
Detailed investigations of the deformation characteristics of pure metals and alloys in the creep literature have identified, in general, two major structural processes operating at,or adjacent to,the grain boundaries. These two processes, termed grain boundary sliding and grain boundary migration, have been shown to play a dominant role during cyclic deformation at low frequencies in pure metals /l-4/ and, more recently, in solid solution alloys 15-71. Although there are broad similarities in the general nature of these processes under these two deformation modes, the extent to which these processes operate during uniaxial and cyclic loading are clearly different. For instance, quantitative measurements of the extent of migration following cyclic deformation have shown that grain boundaries typically migrate large distances (10-50 um) /2,3,8/>whereas the average migration distances in crept samples are generally fairly small.
A common observation in metals subjected to low cycle fatigue at elevated temperatures is that failure takes place in a brittle intergranular manner. Microstructural examination shows that the grains assume an orthogonal or "diamond" configuration prior to the development of an extensive crack network at the aligned boundaries due to grain boundary sliding. The operation of grain boundary migration may improve fatigue life by isolating cavities within the grains.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1990195 A second procedure which may lead to improvements in fatigue life is to introduce a distribution of finely dispersed particles into the material so that the particles can impede the migration of grain boundaries, thereby delaying the alignment of the boundaries into the orthogonal configuration. The nature of the boundary-particle interaction is similar to the concepts developed for dislocation-particle interactions. Ashby and co-workers 19,101 have described the types of interactions that can occur when a moving boundary is impeded by a distribution of particles. The boundary may be pinned by the particles or it may drag the particles as it moves. If the driving forces are sufficiently large, the boundaries may simply migrate through the field of particles almost without any hindrance.
Although several reports are now available on the role of grain boundary migration and sliding during high temperature fatigue in pure metals and solid solution alloys, there is only limited experimental information on the role of dispersed particles in assisting or impeding these processes in fatigue. Snowden /l11 concluded that the improved fatigue resistance of oxide dispersion strengthened lead over pure lead was due to the suppression of grain boundary migration by the dispersed particles. An orthogonal grain configuration was observed in pure lead whereas fatigue testing did not lead to this aligned configuration in the dispersion strengthened lead. The presence of the oxide particles was also suggested to lead to a reduction in the extent of grain boundary sliding. Cocks and Taplin 1121 found also that the presence of dispersoids in Cu leads to a retardation in the driving force tending to align the boundaries into the diamond configuration and a decrease in the extent of sliding. In addition, high temperature fatigue has been studied in internally oxidized Cu /13/, where it was concluded that grain boundary sliding has an important role in the nucleation of grain boundary voids, and in dispersion strengthened Ni 1141.
The purpose of this paper is to present experimental results from an investigation designed to study the nature of grain boundary processes in the presence of a distribution of dispersed particles. The experiments were conducted with three objectives. First, to provide information on the nature of grain boundary migration in the presence of a distribution of dispersed particles in fatigue. Second, to critically examine the changes occurring in the vicinity of grain boundaries at small numbers of test cycles. Third, to investigate systematically the changes in the grain morphology with fatigue testing,and to examine the gradual development of an orthogonal grain configuration.
2.-EXPERIMENTAL MATERIALS AND PROCEDURES
Experiments were conducted on two materials under the following conditions:
(1) An aluminum alloy (AI-3% Mg) was tested in reverse bending fatigue in air at two test frequencies: (a) 1.3 x 10-~ Hz and (b) 6.3 x 10-~ Hz. The total strain amplitudes were in the range from 20.12% to ?1.0%. The specimens had a mean linear intercept grain size, d, of 80 pm. For simplicity, the microstructural results on AI-3% Mg reported in this study refer to a frequency of 6.3 X 10-~ Hz and a temperature of 623 K.
(2) An aluminum alloy (Al-5% Mg-0.25% Fe) with a grain size in the range of 60-80 um was tested in reverse bending fatigue at 623 K in air at a frequency, f, of 6.3 X 10-~ Hz and with a range of strain amplitudes from +0.12% to 51.0%. The alloy had a distribution of Fe-rich particles which was aligned towards the rolling direction; the volume fraction of the particles was estimated to be ~12%.
A detailed description of the reverse bending fatigue machine used in this work is given elsewhere 1151. All specimens were electropolished before testing in a methanol-perchloric acid bath at 196 K, and the tests were discontinued at zero strain amplitude after the imposition of a whole number of test cycles recorded on a mechanical counter. After testing, samples were examined in an optical microscope,and in a scanning electron microscope operating at 30 kV. Some thin foils were also examined using transmission electron microscopy. For the purposes of describing the experimental observations in this study, the high and low strain amplitudes are arbitrarily chosen as 2?0.5% and <?0.5%, respectively.
To provide a framework for a discussion of the effects observed in the alloy with a distribution of precipitate particles, the results obtained with the AI-3% Mg solid solution alloy will be described briefly. Subsequently, the grain boundary effects in the Al-Mg-Fe alloy are examined in detail.
As will be demonstrated, there are significant differences between the observations recorded on the AI-Mg solid solution alloy and the Al-Mg-Fe alloy with Fe-rich particles and, furthermore, both materials exhibit differences in behavior compared with earlier data reported for pure A1 /3,8/.
-EXPERIMENTAL RESULTS

-Characteristics of cyclic migration in the A1-Mg solid solution alloy
There are three main features concerning the nature of the grain boundary processes operating in this solid solution alloy.
First, cyclic deformation at high temperatures leads to extensive grain boundary migration such that there is a one-to-one relationship between the number of imposed cycles and the number of migration markings. Second, contrary to the observations in high purity aluminum tested under similar conditions 181, numerous microcavities are formed at the various migratory positions of the boundaries. These microcavities form from the early stages of cyclic deformation and the boundaries break away to leave strings of microcavities within the grains. An example of the boundary migration markings and the associated microcavities is shown in the optical and scanning electron micrographs presented in Fig. 1 (a) and (b) for a sample tested to 15 cycles at a strain amplitude of +0.5%. The microcavities are located exclusively at the grain boundaries and appear to develop at the boundary prior to its assuming a new position in response to the cyclic stress. Third, it was observed that this microcavitation at the boundaries was a feature of the tests conducted only at the higher strain amplitudes. In contrast, cyclic deformation over a range of test conditions in pure aluminum revealed no evidence for microcavitation at the boundaries, although there has been some evidence for boundary cavitation in pure aluminum in tests conducted to very large numbers of cycles (>1000) after the boundaries had stabilized into the orthogonal grain configuration 1161. To summarize, boundary migration takes place to a significant extent in both pure A1 and the Al-3% Mg alloy, but the behavior in the alloy is further marked by the development of cavities at the migrating boundaries. A detailed description of some of the experimental observations in this alloy is given elsewhere 171.
-Characteristics of cyclic migration in the presence of dispersed particles
The initial interest in this research program centered on understanding the nature of the grain boundary interactions with the dispersed particles in the AI-5% Mg-0.25% Fe alloy. Accordingly, tests were conducted to very small numbers of cycles, in the range from 1 cycle to 20 cycles, and at low strain amplitudes.
A typical observation after testing to 8 cycles at a strain amplitude of +0.12% is shown in Fig. 2 . In this micrograph, the boundary appears to be moving upwards and its motion is impeded by the particle labelled A. The cusp developed at the particle as a result of this interaction is clearly seen. -The boundary breaks free of the particle and assumes new positions in response to the cyclic stress. In addition, it is possible to confirm that there is a one-to-one correspondence under these test conditions between the number of boundary traces and the number of cycles: this is consistent with earlier observations on Pb, A1 and an AI-Mg alloy /2,7,8/.
Experiments were performed also over a range of strain amplitudes keeping the frequency and the temperature constant. Detailed observations showed that the grain boundaries continued to migrate in a regular manner, assuming new positions for each imposed cycle. Boundary IO-~ Hz and strain amplitudes of (a) +0.25% and +0.5%. migration invariably led to the consumption of some grains due to the small grain sizes in these samples. Figure 3 (a) and (b) present examples of the systematic nature of the boundary markings observed in samples tested to 50 cycles at f0.25% and +0.5%, respectively. In Fig. 3(a) , the boundaries comprising grain A appear to have moved in an inwards direction thereby consuming most of the grain; in Fig. 3(b) , the higher migration rates associated with the higher strain amplitude has completely consumed the grain at the center of the micro-' graph. Close examination of the micrographs reveals that the grain boundaries in Fig. 3(b) have a serrated appearance, in contrast to the relatively smooth profile of the boundaries in Fig. 3 ( a ) .
Examination at higher magnifications in the scanning electron microscope revealed that small microcavities developed at these boundary serrations. A photomicrograph showing the morphology of the microcavities observed at the higher strain amplitude is given in Fig.   4 . The sequence of microcavity formation and boundary movement appears to take place after every imposed fatigue cycle. By contrast, the grain boundary positions following tests at the lower strain amplitudes were essentially free of these features, thereby indicating that microcavities form at the migrating boundaries only at the higher strain amplitudes. These observations are similar to those reported for the A1-Mg solid solution alloy 171. There are two additional points worth noting. First, the presence of the Fe-rich dispersed particles appears to have a minimal influence on the extent of migration. Second, no cavities are observed at the particlelmatrix interfaces. These observations contrast with earlier reports on Pb /l11 and dispersion strengthed Cu 1121 where boundary movement was observed to be totally inhibited by the presence of particles.
The dislocation structure following fatigue testing was also characterized using transmission electron microscopy,by mechanically polishing fatigued samples and then ion milling them to perforation in a cold stage. The substructure at small pumbers of cycles generally comprised a random distribution of dislocations; detailed examination of a number of foils revealed large variations from grain to grain. In general, the regions around the precipitate particles had a higher density of dislocations. Examples of the distributions of dislocations around a particle and in a region remote from a particle are shown in Fig. 5 (a) and (b) for a sample tested to 10 cycles at a strain amplitude of ?0.25%.
An additional observation was that the large angle grain boundaries were largely free of serrations and had smooth profiles.
-Development of the orthogonal grain configuration
The alignment of grain boundaries at %45O to the stress axis is a common observation in materials deformed at high temperatures and it is a particularly common observation in materials subjected to cyclic deformation. Microstructural evidence from a wide variety of materials suggests that the stabilization of this configuration constitutes an important step prior to extensive cavitation and eventual failure. The alignment of grain boundaries into this configuration was first noted by Snowden and Greenwood I171 and the evolution of this microstructural feature has since been confirmed in several materials 1181. Extensive boundary movement and grain consumption appear to be the principal factors influencing the attainment of this aligned configuration, and experimental conditions such as a low testing frequency, a high strain amplitude and a high homologous testing temperature appear to favor the development of the aligned grain configuration.
There are two factors which may possibly limit the extent of grain boundary migration and the early attainment of the orthogonal grain configuration. First, as shown in Fig. 4 , the AlMg-Fe alloy develops numerous microcavities at the migrating boundaries in tests at the higher strain amplitudes, and these cavities are present even at the very early stages of fatigue testing. Consequently, work must be done to detach the grain boundaries from the cavities, and thus the cavities constitute an impediment to grain boundary movement so that they tend to slow down the motion of the boundary. Second, as is known from detailed studies on recrystallization and from Fig. 2 , grain boundaries interact with second phase particles, and the particles exert a pinning force on the boundary opposing its motion. A third factor which may also limit the mobility of the boundary is the serrated profile developed along the boundary. In order to investigate these effects, tests were conducted to predetermined numbers of cycles at a strain amplitude of 21.0%. Following testing, the samples were rapidly cooled to room temperature and examined in an optical microscope. Figure 6 (a)-(c) shows optical micrographs illustrating the gradual evolution of the orthogonal grain structure after the imposition of 10, 70 and 378 cycles, respectively. In these micrographs, the longitudinal axis of the specimen is horizontal, and it is seen that there is a strong tendency for the boundaries to align in directions at about 45' with the specimen axis. It is significant that a substantial proportion of the grain boundaries have assumed an orthogonal orientation even after 70 cycles. Once the boundaries have stabilized into the orthogonal configuration, stresses due to sliding can build up at discontinuities in the aligned boundaries. The samples tested under the present conditions ultimately failed after $580 cycles.
